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Understanding the structural basis of ribosomal function
requires close comparison between biochemical and struct-
ural data. Although a large amount of biochemical data are
available for the Escherichia coli ribosome, the structure has
not been solved to atomic resolution. Using a new RNA
homology procedure, we have modeled the all-atom struc-
ture of the E. coli 30S ribosomal subunit. We find that the
tertiary structure of the ribosome core, including the 
A-, P- and E-sites, is highly conserved. The hypervariable
regions in our structure, which differ from the structure of
the 30S ribosomal subunit from Thermus thermophilus, are
consistent with the cryo-EM map of the E. coli ribosome.

The ribosome is a dynamic molecular
machine that manufactures protein accord-
ing to the genetic information residing in
nucleic acid1,2. Because several large confor-
mational changes occur during protein syn-
thesis, it is necessary to relate the atomic
resolution structures of the ribosome in its
various functional states to functional 
information derived from biochemical
experiments. Because the majority of bio-
chemical protein synthesis experiments have
been preformed using ribosomes from
Escherichia coli3–4, a detailed structure of the
E. coli ribosome would be required to put all
the biochemical information into its appro-
priate structural context. However, the
high-resolution structure of the E. coli ribo-
some has not yet been determined experi-
mentally.

Homology modeling has become a commonly used tech-
nique to predict protein structure in recent years5. Although
RNA is closely related to DNA chemically, it can fold into a
more complicated tertiary structure6 that is often observed in
proteins. The complex tertiary structures of RNA molecules
present a challenge for developing RNA homology modeling
methods analogous to those developed for proteins. Before
2000, the limited availability of high-resolution RNA structures
made modeling large RNA three-dimensional structures using
exclusively computational approaches difficult. Often, the
three-dimensional structure of RNA was modeled using a
knowledge-based approach in combination with the applica-
tion of constraints derived from experimental observations7–10.
The high resolution structures of both the 30S ribosomal 
subunit for Thermus thermophilus2,11 and the 50S ribosomal
subunit for Haloarcula marismortui12 and Deinococcus radiodu-
rans13 have significantly extended the knowledge base of RNA
three-dimensional structure. With the extended knowledge
base, modeling RNA structures using a homology modeling
approach is now possible. 

Homology modeling is based on the principle that mole-
cules with similar sequences and similar functions should fold
into similar three-dimensional structures. In practice, a 
template molecule can be identified with a known structure
and sequence similarity to the target molecule. Here, we pre-
sent a homology model of the atomic structure of the E. coli
30S ribosomal subunit using the crystal structure of the 
T. thermophilus 30S ribosomal subunit1 as the template (PDB
entry 1FJF).

Fig. 1 Secondary and tertiary structures of the 16S
rRNA. a, Variable regions of E. coli 16S rRNA that
contain deletions/insertions relative to T. ther-
mophilus are shown in yellow. Variable regions
that do not contain deletions/insertions are shown
in black. Helices are labeled according to the Gutell
numbering scheme. b, The minimized structure of
the E. coli 30S ribosomal subunit. RNA is shown in
pink, and protein is shown in purple. The univer-
sally conserved bases not involved in tertiary con-
tacts are shown in green. These bases line the
surface of the functional sites of the molecule.
Structure of the c, T. thermophilus 16S rRNA and 
d, E. coli 16S rRNA. The variable regions, which
involve motif modeling, are shown in yellow. All
these regions are on the surface of the molecule.
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Sequence alignment of 16S rRNAs
The alignment reveals a high sequence identity (75%) between
E. coli and T. thermophilus 16S rRNA sequences. The two
sequences can be aligned without insertions or deletions, apart
from nine short stretches of RNA that all reside in the variable
regions (V1–V9) defined by Neefs et al.14 and are used for species
identification. Regions 2.1 and 2.2 are subregions of V2. Regions
7.1 and 8.1 are slightly displaced from V7 and V8, as shown from
the the secondary structure of the 16S rRNA15–16 (Fig. 1a).

Modeling of the E. coli 30S ribosome
Two types of approaches are implemented to model E. coli 16S
rRNA structure. For regions where the sequences are aligned
without deletion or insertion, direct base substitution is
applied. Because the C1′…C1′ distance is essentially the same
(∼ 10.2 Å) in all Watson-Crick base pairs17, this simple proce-
dure preserves the base pairing and the double helical structure
while substituting the bases (Fig. 2a). For non-Watson-Crick

base pairs that are significantly different in size from those of
Watson-Crick base pairs, structural adjustments are required.
We have shown the base substitution from U129•G232 in 
T. thermophilus 16S rRNA to A129•G232 in E. coli as an example
(Fig. 2b–d). The first step of the procedure (Fig. 2b) involves the
superposition of the mean base pair planes and the base pair
centers between an intermediate target base pair (blue) and the
template base pair (red). The ribose conformations and the 
glycosydic angles for the target nucleotides are kept identical to
those of the template nucleotides. The line connecting the C1′
atoms of the two nucleotides in the intermediate target base pair
is set to be parallel to that of the template base pair. This partic-
ular consideration makes the helix twist angle of the target base
pair similar to that of the template base pair and provides a
good estimate for the phosphate connections. In the case where
a base pair substitution results in phosphate connections larger
than the maximum distance (4.5 Å) for a phosphate group to
bridge across, the two nucleosides forming the intermediate tar-
get base pair are subjected to small rotation and translation to
search for orientations that allow phosphate connections.
Proper van der Waals contacts with the neighboring nucleosides
are maintained during the search process. The orientation of
the nucleosides before (blue, intermediate target) and after
(magenta, final target) the search are shown in Fig. 2c. The last
step of the procedure involves the construction of the phosphate
group using a phosphate-modeling algorithm developed in our
laboratory18. The structure of the final target nucleotides with
the neighboring nucleotides is shown in Fig. 2d. In addition to
base pair A129•G232, the structures of three other base pairs
(from G606•A632 to G606•U632, from A611•G629 to
C611•A629 and from A684•A706 to U684-A706) are modeled
using this procedure.

In regions where the alignment involves deletions or inser-
tions, a motif-modeling approach is used. The approach essen-
tially divides the RNA region to be modeled into fragments,
each corresponding to a motif with known structure. These
motifs can be assembled by aligning the bases in the overlapping
regions. Because the structures of the overlapping regions in the
motifs used are not identical, adjustments of the phosphate
structure18 at the junctions are required during the assembly
process. The secondary structure of the spur region of the E. coli
16S rRNA indicates that the spur can be interpreted as a large
hairpin (Fig. 3a) containing three bulges and one tetraloop.
This large hairpin structure is divided into five fragments
(Fig. 3b). These fragments have overlapping regions consisting
of at least one base pair. To model the one-nucleotide bulge, we
search for such a motif in the template crystal structure1. There
are four one-nucleotide bulge motifs that involve a purine base
(two with guanines and two with adenines) at the bulge. Among
these four motifs, three have the bulge base in the stack, where-
as one has the bulge base-flipped out of the helix. The motif
with the bulge base flipped out has a guanine at the bulge and
two G•U base pairs flanking the bulge base. The structures of
the base pairs in the remaining three one-purine bulge motifs
are very similar. The main difference between the structures of

a
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Fig. 2 Homology model of a base pair in a helix. a, The structure of a
template C-G pair (red) is substituted to a target A-U pair (magenta). 
b, The superposition of the template U•G (red) and the intermediate tar-
get A•G (blue) base pair. c, The reoriented structure of the final target
A•G base pair (magenta) and the intermediate target A•G base pair
(blue) . d, The structure of the final target nucleotides (magenta) with
the neighboring nucleotides.
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the A-bulge and the G-bulge is that the A-bulge base is planar to
its 5′ base pair, whereas the G-bulge base is planar to its 3′ base
pair. This planar arrangement of the bulge base to a flanking
base pair is due to a hydrogen bond formed between the bulge
base and a G on the opposite strand in the flanking base pair.
The two fragments with one nucleotide bulge (green, Fig. 3c) to
be modeled (fragments I and III) have a G base at the bulge and
a G base at the opposite strand of the base pair 3′ to the bulge.
This is consistent with the G-bulge motif (residues 593–597 and
643–646) in the template structure. Therefore, we choose to use
this G-bulge motif as a template to model the structures for
fragments I and III.

We use a similar procedure to identify the GA-bugle motif
(residues 128–132 and 230–233) that is used to model fragment
II. There is one C-U-U-G tetra-loop hairpin motif (residues
190A–190H based on 1FJF numbering) in the template struc-
ture, which we use to model fragment V. We use the seven base
pairs in front of the hairpin loop of the corresponding hairpin in
the template structure as the template to model fragment IV
(Fig. 3c). Overall, the absence of serious steric clashes in the
structure derived from the homology modeling (Fig. 3d) sup-
ports the idea that the evolution process has preserved the three-
dimensional structures, as well as tertiary contacts, in the core
and functional regions.

The sequence identities between the two sets of ribosomal
protein sequences are 30–73% (Table 1). In general, when the
sequence identity of target and the template proteins is ≥30%,
homology modeling can be applied5. We modeled the structures
of the E. coli ribosomal proteins S2–S20 using the homology
modeling approach of Tung19. In this modeling approach, the
side chain atoms are attached to the main chain with torsional
angles maintained close to those in the template structure19. This
approach has the advantage of allowing both the target and the
template residues to use the same, often limited, space available
to the side chains. We find this consideration particularly useful
when modeling structures of protein in protein–RNA complex-
es. The alignment of the two S2 sequences is poor at the C-termi-
nal region (the last 26 residues). To avoid uncertainty in the

homology model, we have truncated the E. coli S2 model at
residue 214. Protein S14 is significantly larger in E. coli than in
T. thermophilus. The T. thermophilus S14 sequence is aligned to
the C-terminal part of the E. coli S14 sequence, with the extra
E. coli S14 residues located in the N-terminus. To improve the
stereochemistry of the modeled proteins, each of the modeled
protein structures is subjected to energy minimization (1,000
steps) using the AMBER20 suite of molecular dynamics and min-
imization routines. The structures of 16 of the energy-
minimized ribosomal proteins (S2–S7, S9–S16, S18 and S20) are

Fig. 3 Modeling the E. coli spur structure (residues
67–102) using a motif modeling approach. a, The
secondary structure of the E. coli spur can be
interpreted as a large hairpin containing three
bulges and one tetraloop. b, This large hairpin is
divided into five overlapping fragments. c, The
modeled structures of the five fragments with the
bulge bases shown in green. d, The E. coli spur
(green) is shown together with the T. ther-
mophilus spur and surrounding residues in (pink).
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Table 1 Properties of E. coli 30S ribosomal proteins

Residues % identity1 ∆cm (Å)1 Interface surface 
area (Å2)2

S2 6–214 46 0.09 1,895
S3 2–207 52 0.50 3,353
S4 2–206 49 0.78 6,001
S5 10–159 46 0.15 3,837
S6 1–100 30 0.60 1,131
S7 3–156 53 0.29 3,593
S8 2–129 52 2.05 3,691
S9 4–130 54 0.26 5,803
S10 5–102 54 0.38 3,629
S11 13–129 54 0.28 3,725
S12 2–123 73 0.34 6,593
S13 2–118 57 1.20 4,574
S14 42–101 35 0.40 3,870
S15 2–89 59 0.33 3,527
S16 1–82 34 0.46 5,708
S17 4–84 47 0.33 5,991
S18 5–75 41 1.48 1,744
S19 3–81 67 0.18 3,199
S20 3–87 33 0.11 6,140

1% identity and ∆cm were calculated between proteins in E. coli and 
T. thermophilus. 
2Interface surface area calculated between the proteins and the 16S
rRNA in 30S ribosomal subunit.

©
20

02
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
st

ru
ct

u
ra

lb
io

lo
g

y



letters

nature structural biology • volume 9 number 10 • october 2002 753

compared with those calculated using ModPipe21 and made
available through ModBase21. The differences in main chain
folds are measured by calculating the r.m.s. deviation between
two sets of Cα atoms from two modeled structures. The calcu-
lated set of r.m.s. deviations shows that the overall folds from the
two sets of models are similar. Of the 16 proteins, 11 have an
r.m.s. deviation of <1 Å. The largest folding difference between
the two models observed is that of protein S12. Although the
core structures (residues 21–107) of the two S12 models are
quite similar (with an r.m.s. deviation of 0.27 Å), the different
orientations of the N- and the C-termini with respect to the core
structure resulted in the large observed r.m.s. deviation (2.4 Å).
When S12 from ModBase21 is docked onto the ribosomal com-
plex, steric clashes are observed between the main chain of the
protein and the RNA (helix 18 and the loop connecting helix 3
and helix 19). These clashes cannot be alleviated through small
rigid-body translation and rotation. Similar clashes were
observed when S9, S10 and S14 from ModBase21 were docked
into the 30S ribosomal complex. No such clashes were observed
from our protein models. Therefore, the best strategy in the
homology modeling of these ribosomal proteins is to preserve
their folds from the template structures.

The model of the 30S ribosomal subunit is obtained by 
combining structures of the 16S rRNA and the ribosomal pro-
teins (S2–S20). The homology modeling approach allows the
preservation of favorable interactions between the RNA and
the proteins in the ribosomal subunit. To ensure that good
stereochemistry exists in the ribosomal complex — that is, the
absence of improper van der Waals contacts between the RNA
and the proteins — the structure of the complex is subjected to
additional energy minimization (1,000 cycles) using AMBER20

(Fig. 1b).

Structural comparison between the two 16S rRNAs
The regions of deletion/insertion in 16S rRNA of E. coli and
T. Thermophilus, as viewed from the interface side (yellow,
Fig. 1c,d), all lie in the variable regions as defined in Neefs et al.14.

With the exception of helix 44, all these regions are on the 
exterior of the molecule, away from the 30S ribosomal A- and 
P-sites. The 5′ domain of the 16S rRNA contains V1, V2.1, V2.2
and V3. There are noticeable differences between the two spur
structures (V1 and H6) in the 5′ domain. For the E. coli 16S rRNA,
the spur is longer and pointed horizontally outward as compared
with the spur of the Thermus thermophilus 16S rRNA. The change
in the orientation of the E. coli spur relative to T. thermophilus is
due to the added three bulges that result in the change of the helix
direction. Two other differences between the two structures occur
in helix 9 and helix 10. Helix 9 is longer and helix 10 is shorter in
T. thermophilus 16S rRNA relative to those of the E. coli. In the
central domain (platform), the two rRNA sequences can be
aligned without insertions or deletions, with the exception of
helix 26. This helix is slightly shorter in T. thermophilus as com-
pared with that in E. coli. The 3′ major domain contains V6, V7.1
and V8.1. V6 includes helices 33a and 33b, commonly referred to
as the ‘beak’. The difference in length in these helices between
E. coli and T. thermophilus results in a differently shaped beak for
E. coli. The 3′ minor domain (penultimate stem) consists of helix

Fig. 4 Comparing model with experimental structures of 16S rRNA.
a, The modeled E. coli 16S rRNA (yellow) superimposed with the 11.5 Å
cryo-EM map24 (black). The b, beak; c, helix 9; d, spur and helix 10; and 
e, helix 44 regions, which are different between the two 16S RNAs, are
enlarged and displayed in the inserts (in wall-eye stereo), with the E. coli
structure shown in yellow and the T. thermophilus structure shown in
magenta.
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44, which contains the decoding region and bases that interact
with the large subunit22. Except for the difference in length, the
overall structure of helix 44 is conserved between E. coli and
T. thermophilus despite difference in sequence.

Model and cryo-EM map of the E. coli 30S subunit
Using SUPCOMB23, the E. coli 16S rRNA was docked into the
E. coli 70S ribosome cryo-EM map24 (Fig. 4a). In all five regions
that show significant structural differences — spur, beak, helix 9,
helix 10 and helix 44 (Figs 4b–e) — the modeled structures of the
docked 16S E. coli rRNA (yellow) fit the cryo-EM map (black)
significantly better than those in the T. thermophilus rRNA
(magenta). The normalized spatial discrepancy23, calculated by
SUPCOMB23, is 1.1 for E. coli and 1.15 for T. thermophilus, con-
sistent with the observation that the regions of difference repre-
sent ∼ 5% of the 16S rRNA. We emphasize that the comparison
between our E. coli homology model and the E. coli cryo-EM
map was obtained solely via rigid body docking. No modifica-
tions to the structure were made to fit the cryo-EM map.

Proteins and rRNA interactions in E. coli 30S ribosome
Overall, the two sets of ribosomal proteins (from T. ther-
mophilus and E. coli) interact with their corresponding 16S
rRNA in a similar manner. This can be seen in the differences in
center-of-mass (∆cm) between the corresponding proteins with
respect to the superimposed 30S ribosomal subunit complex
structures. The ∆cm values for the set of proteins are small, rang-
ing from 0.09 to 2.05 Å (Table 1). Except for S6, all proteins of
the 30S subunit are basic proteins, with the number of excess
basic residues (Nexcess = Nbasic – Nacid) ranging from 5 (slightly
basic) to 24 (highly basic). Similar to histone proteins in the
nucleosome, these basic proteins can serve as stabilizing factors
in the folding of the highly negatively charged RNA molecule.
To study the interactions between the RNA and proteins in the
complex, interface surface areas were calculated using Naccess25.
The calculated interface surface areas (Table 1) range from
1,131 Å2 (between S6 and the rRNA) to 6,593 Å2 (between S12
and the rRNA), with an average value of 4,105 Å2. These values
are consistent with the 1,120–5,800 Å2 interface surface areas as
observed from 75 X-ray structures of protein–nucleic acid com-
plexes26. Out of the 19 ribosomal proteins, the most basic pro-
tein is S12. Besides having the largest interface surface area, the
sequence of S12 is also the most conserved between the two sets
of proteins (73% identity). S12 is of significant functional
importance and is the only protein that interacts with the
decoding site bases (in particular A1492) of 16S rRNA. The
functional significance of S12 is also demonstrated by strepto-
mycin, which induces misreading by binding to S12 (ref. 11).
Streptomycin-resistant and -dependent strains often involve
mutations in S12. Finally, S12 is also significant as the binding
site of initiation factor 1 (ref. 27).

Sequence and structure conservation in 16S rRNA
Because of structural and functional requirements, the 16S
rRNA sequences from different organisms are highly conserved.
From a folding point of view, duplex structures are similar
regardless of sequence. If functional conservation requires fold-
ing conservation, then one can propose that the sequence con-
servation should be higher in the loop regions of the rRNA. To
test this hypothesis, we checked the sequence conservation
between E. coli and T. thermophilus 16S rRNA sequences. The
two aligned sequences are divided into helix and loop regions.
The sequence identities between the two sequences are 68% for

the helix and 82% for the loop regions. Indeed, the loop regions
have higher sequence conservation than the helix regions.
Sequence conservation studies of the 16S rRNA across species28

have identified 213 universally conserved bases, which are dis-
tributed throughout the 16S rRNA tertiary structure. Out of
these universally conserved residues, 148 are involved in either
intramolecular tertiary contacts (between residues that are dis-
tant in sequence) or intermolecular contacts (between 16S
rRNA bases and ribosome protein residues). These contacts are
important in stabilizing the tertiary fold of the RNA, as well as
the complex formation of the ribosome. The remaining 65 
universally conserved residues (green residues, Fig. 1b) line the
surface of the functional sites (A-site, P-site, E-site and inter-
subunit bridges), delineating the path of mRNA and tRNAs
through the ribosome. These bases are either near the path of
mRNA29or tRNA22, or interact with the 23S rRNA. This obser-
vation is consistent with the notion that the conservation in
structures of functional sites results in the conservation of
sequences at these sites.

Methods
RNA sequences and alignment. The sequence of the E. coli 16S
rRNA was obtained from GenBank30 with the accession number
J0169531, and the sequence of the T. thermophilus 16S rRNA is from
the crystal structure of PDB32 entry 1FJF1. The sequence lengths of
the two 16S rRNAs are slightly different (1,515 and 1,542
nucleotides for T. thermophilus and E. coli, respectively). The align-
ment of the two nucleotide sequences was obtained using ALIGN33

and confirmed using BLAST 2 Sequences34. The secondary structural
information was used for the alignment of the two sequences in the
regions involving insertion/deletion. The secondary structures of
the two 16S rRNA can be obtained from the Comparative RNA Web
Site (http://www.rna.icmb.utexas.edu).

Protein sequences and alignment. The sequences of the E. coli
30S ribosomal proteins have been published35. In this study, we used
the sequences determined by Makino et al.36 and obtained from the
GenBank Sequence Database30. The alignments between these pro-
tein sequences from T. Thermophilus and E. coli are obtained using
ALIGN33 and confirmed using BLAST 2 Sequences34.

Docking of the 16S rRNA model into the cryo-EM map. The
solution structure of the E. coli ribosome is derived from the 11.5 Å
resolution cryo-EM map of the E. coli 70S ribosome24. To obtain the
cryo-EM map for the small subunit, the grid points with high densi-
ty that correspond to the large subunit are removed manually.
Docking of the modeled structure into the cryo-EM map is done
using SUPCOMB23. SUPCOMB aligns two three-dimensional objects
by minimizing a normalized spatial discrepancy (NSD)23. For the pur-
pose of alignment, those points in the cryo-EM map that exceed a
threshold (>110) are selected to represent the cryo-EM model. Only
the phosphorus atoms in the 16S rRNA are used for alignment.

Coordinates. The coordinates of the homology model have been
deposited in the Protein Data Bank (accession code 1M5G).
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